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An experimental study of three-dimensional (3-D) shock wave turbulent

boundary layer interaction has been carried out. Interactions generated by

fin models having sharp and hemi-cylindrically blunted leading edges have

been studied. The emphasis in this particular study was twofold. First,

the influence of incoming turbulent boundary layer thickness 6 on the stream-

wise, spanwise and vertical scaling of the interaction was examined. Turbulent

boundary layers varying in thickness from .127 cm (.05"1) to 2.27 cm (0.89"1)

were used. In addition, a study has been conducted to examine the effects of

the ratio D/6 (where D is the blunt fin leading edge diameter) on the inter-

action properties and scaling.

Second, an investigation has been started to examine the unsteady shock

wave-boundary layer structure and the resulting high frequency, large ampli-

tude pressure fluctuations which occur ahead of and around the blunt fin leading

edge. This is an area which in the past has been largely ignored, yet has im-

portant implications, since it is not clear that any mean surface property or

flowfield measurements have any real physical significance. To date, measure-

ment techniques and computer software have been developed and exploratory mea-

surements made in the undisturbed turbulent boundary layer and also on the

plane of symmetry ahead of the blunt fin. These preliminary measurements, re-

ported on here, are the first phase of a major research program in which this

unsteady flowfield structure will be examined in detail.

All of the tests made in the above studies were carried out at a nominal

freestream Mach number of 3, a unit Reynolds number of 6.3 x 10 .- and under

approximately adiabatic wall conditions. This program was carried out during

the period 15 June 1976 through 15 December 1979.
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NOMENCLATURE

D fin leading edge diameter a DIA

h fin height

htp height of triple point

lu upstream influence

M freestream Mach number

p root mean square fluctuating pressure

PST undisturbed freestream static pressure

PT2 freestream pitot pressure

PW wall static pressure

q freestream dynamic pressure

RE freestream unit Reynolds number

Taw adiabatic wall temperature

Tw wall temperature

U local velocity in boundary layer

Ue velocity at boundary layer edge

X coordinate parallel to the tunnel axis measured from the
fin leading edge

XS distance along instrumentation line measured from the
undisturbed freestre, shcck wave position

Y coordinate normal to the X-axis in the plane of the test
surface measured from the fin leading edge

Z coordinate normal to the XY plane measured from the fin
leading edge/tunnel floor interface

6 boundary layer thickness at the start of the interaction
pressure rise a DELTA

*angular position around blunt leading edge, or plane of
symmetry shock wave angle

A bow shock wave detachment distance



1. INTRODUCTION

Under the sponsorship of the Army Research Office and other agencies,

the Gas Dynamics Laboratory of Princeton University has been carrying out

experimental studies of three-dimensional (3-D) shock wave turbulent boundary

layer interactions. Specifically, such interactions can occur at wing/fuselage

or fin/body junctions on supersonic aircraft and missiles and in many types of

engine inlets. Despite their practical significance, both in these specific

cases and in the most general sense, few experimental studies have been suf-

ficiently wide ranging and detailed enough to gain any fundamental understanding

of the interactions'properties.

In the earliest program carried out at the Gas Dynamics Laboratory,

surface property distributions and detailed flowfield measurements were made

in an interaction generated by a skewed shock wave. The shock was generated

by a sharp leading edged fin model mounted normal to a flat surface (Fig. 1)

on which a high Reynolds number, Mach 3, turbulent boundary layer developed.

Full details of this investigation, carried out by Oskam, et al, are given in

Refs. 1 through 5. Oskam's measurements, now being used as a baseline for

comparison with numerical computer codes, were instrumental in clearly showing

that some of the early ideas of the flowfield structure were incorrect.

This investigation of the skewed shock interaction answered several

controversial questions but also posed many new and puzzling problems. Some

of these, such as the effects of incoming boundary layer characteristics, of

shock wave strength, and the techniques for scaling the interaction in the

streamwise, lateral and vertical directions, have been addressed by more recent

studies sponsored by the Army Research Office and Naval Air Systems Command.

Additionally, with support from the latter two sponsors, a major study has
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been made of interactions generated by hemi-cylindrically blunted fin models.

In this case, a detached curved shock wave is generated which interacts with

the incoming turbulent boundary layer.

In these experiments carried out over the last 3 years, very detailed

surface property measurements have been made over a wide range of incoming

boundary layer thicknesses, fin leading edge diameters and angles of attack.

Observations and correlations of these data coupled with sparser information

from many previous investigators, have revealed properties of the interaction

which were not apparent from any one previous study alone. Some elements of

these have been presented at recent technical meetings [-0

The measurements from these studies have shown clearly that the

3-D interaction's global scale and characteristic properties are radically

different from those seen in 2-D interactions. This is true for both the

skewed shock and blunt fin-induced interactions. Parameters having a controlling

influence on 2-D interactions have little effect on the 3-D interaction. It

appears to be a fundamentally different type of flowfield than that associated

with the well known, viscous dominated 2-D interaction.

In the study sponsored by the Army Research Office, emphasis in the first

year was placed upon examining the effects of incoming turbulent boundary layer

thickness on the scale of the skewed shock wave interaction. A description of

the tests and a detailed discussion of the results were presented in an interim

technical report [11 ] in July 1977. They will not be discussed further in this

report, which will deal mainly with work carried out in the last two years of

the study.

Data measured in the blunt fin study indicated that the details of the

pressure distribution, and perhaps the overall scaling, depended on the ratio
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of the fin leading edge diameter to turbulent boundary layer thickness (i.e.

D/6). The small amount of available data from the Princeton study, and others,

suggested that these effects would be largest for small D/6 (< .25). To exa-

mine this in more detail, a set of tests were carried out in which D/6 was

systematically changed. This was done by testing different diameter fins in a

given incoming turbulent boundary layer. The results from this test series are

described in detail in Section 3. Results of these tests have clarified an

issue which, in the past, has not been well understood. This is the question

of the significance of fin height h on the induced flowfield. Section 3.3.3

presents a simple physical argument which describes the role of h and which

satisfactorily explains two apparently conflicting sets of experimental results.

In the blunt fin study, schlieren and shadow photographs showed that the

shock wave structure ahead of and around the fin leading edge was highly un-

steady. This has also been noted by other investigators 112-14]3 but apart from

some early transonic studies of Robertson's l~6, it has never been examined

in any detail. Such unsteadiness has important implications, since it is not

clear that any mean or averaged flowfield structure, as is frequently sketched

in the literature, has any physical significance. Currently, an exploratory

study is being carried out of the surface pressure fluctuations on the plane

of symmetry ahead of blunted fins. To date, a major part of the effort has

been devoted to the development of the necessary hardware and software. The

results obtained so far are presented in Section 4. A more detailed study is

planned as part of a future program.
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2. EXPERIMENTAL PROGRAM

2.1 Wind Tunnel Facility

The experiments were carried out in Princeton University's 20 cm x 20 cm

(8"x8") high Reynolds number, supersonic, blowdown tunnel. This facility uses

high pressure air stored at atmospheric temperature and can be operated at

stagnation pressures in the range 4 x 105 to 3.4 x 106 Nm- 2 (60-500 psia). The

nominal freestream Mach number is 3.

All the tests reported on here were made at a stagnation pressure of

6.8 x 10S Nm-2 (100 psia) giving a freestream unit Reynolds number of approxi-

7-1 6 -1mately 6.3 x 10 m (1.6 x 10 in-). The models were at near adiabatic wall

temperature for all tests.

2.2 Test Models and Instrumentation

2.2.1 General Description

Two basic configurations were used. They are shown in Fig. 2. The

Model 1 configuration used the tunnel floor boundary layer. This is a 2-D,

fully turbulent, equilibrium boundary layer in which detailed spanwise surveys

have been made along the entire length of the test section [17] Fins were

tested at two streamwise stations. At these, the incoming boundary layers were

1.27 cm (0.5") and 2.03 cm (0.8") thick.

Model 2 used the boundary layer which developed on a horizontal, sharp

leading edged flat plate which spanned the tunnel. Fins were tested at two

streamwise positions, and, at these, the incoming turbulent boundary layers

were 0.13 cm (0.050") and 0.33 cm (.13") thick.

The tunnel floor of the Model 1 study and the flat plate of Model 2

were both instrumented with rows of pressure tappings parallel to the X axis

(Fig. 3). The fin models could be translated laterally and longitudinally



relative to these fixed rows such that highly detailed pressure distributions

could be obtained. The pressure tappings were sampled using two computer

controlled 48 port Model 48J4 Scanivalves equipped with Druck strain gauge

transducers. With this on-line system, tabulated and plotted pressure distri-

butions could be obtained immediately following a test.

2.2.2 Models for D/6 Study

Tests were made using fins with hemi-cylindrically blunted leading edges.

Six models were tested. Their leading edge diameters (D) were in the range

.102 cm (0.040") . D < 2.54 cm (1.0"). By testing these fins at different

locations in either the Model 1 or Model 2 configurations, values of D/6 in

the range 0.04 to 3.85 were obtained. One fin (D = 1.27 cm) was instrumented

with six columns of pressure tappings (Fig. 4). Nylon seals of thickness .13 cm

(.050") and .250 cm (.10") were used for sealing the fin base/tunnel floor inter-

face and for doubling pressure tapping density. In all cases, the fin heights

were such that the triple point and shock structure near the root were unaffected

by any free end effects (i.e. effectively a "semi-infinite" fin).

To obtain adequate resolution of the pressure distributions in the inter-

actions generated by the small diameter (i.e. D < .33 cm) fins, the following

technique was used. One of the pressure tappings on the instrumented floor

plate was fitted with a sleeve reducing its diameter to 0.0127 cm (0.005").

During a test, the fin model, which was supported on a sting aligned with the

tunnel axis, was moved streamwise relative to this tapping. The fin location

relative to the tapping was monitored using a calibrated displacement trans-

ducer. The fin was moved very slowly (less than lm/sec) to eliminate pressure

lag errors. Checks on repeatability, which were good, were made by driving the

fin towards and away from the tapping. The change in the incoming boundary layer
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thickness resulting from the streawise motion of the fin was less than 1%.

2.2.3 Additional Tests

To assess effects of fin leading edge geometry on the plane of symetry

pressure distribution, a brief test program was carried out. A 0.79 cm (0.31)

thick fin model, having a flat faced leading edge was progressively hemi-

cylindrically blunted from the root up. Results from these experiments are

given in Section 3.5.

2.3 Unsteady Pressure Measurements

2.3.1 Pressure Sensors

Kulite pressure sensors are being used for measuring the surface pressure

fluctuations. These sensors consist of a miniature silicon diaphragm in which

a fully active four arm Wheatstone bridge has been atomically bonded using

solid state diffusion. Two different sensor models have been tested. Model

XCQ-062-25D, a differential type, has a 0.071 cm (0.028") diameter pressure

sensitive area, and a natural frequency of 500 kHz. Model XCR-093-25A is a

true absolute, hermetically sealed sensor having a .203 cm (.080") diameter

pressure sensitive area and a natural frequency of 200 kHz. Both can be used

in the range 0-1.7 x 105 n -2 (0-25 psi). To avoid damage, the transducer dia-

phragms were shielded. The XCQ model was protected by coating the diaphragm

with a thin layer of RTV-51. The XCR model was shielded using a perforated

screen.

2.3.2 Data Acquisition System

The pressure sensors were connected on-line to a Hewlett-Packard mini-

computer via amplifiers and a Preston Scientific GMAD-l A/D converter. This

A/D converter/computer system is capable of sampling rates of up to 500 kHz/

channel. Data are taken in blocks of 12,288 points which are dumped to core
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by the A/D converter. They are then written onto magnetic tape. Transfer

rates from the core to tape are such that several blocks of data can be taken

in a few seconds of tunnel run time. A series of computer programs have been

written for analysis of the data following a set of tests. Mean values, rms,

values, variances, probability density distributions and power spectral den-

sity estimates can be obtained.

The hardware and computer programs were all checked out using known

inputs. This was done by replacing the pressure sensor by a frequency generator

and inputting a known frequency and amplitude sine wave (or square wave) whose

mean, rms, variance, probability density distribution, etc., could be calculated

theoretically.
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3. DISCUSSION OF MEAN PRESSURE MEASUREMENTS

The surface pressure distributions reported on in this section were

all measured using the conventional technique of a surface orifice connected

to a pressure transducer via a connecting tube. Such a system has effectively

zero frequency response and thus the measured pressures are mean values.

Exploratory measurements, briefly described in Section 4, show that these sur-

face pressures are in fact highly unsteady and that large amplitude fluctua-

tions about the mean exist. This implies that care is needed in using mean

surface property distributions in deriving possible flowfield structures, since

the derived steady model may have no real physical significance.

3.1 Plane of Symetry Pressure Distributions and Upstream Influence

Pressure distributions on the plane of symmetry ahead of the fins are

shown in Fig. 5. The distance axis X is plotted non-dimensionalized by D

since this correlates, to first order, the interaction scale. Measurements

made aPrneo[61]show that the plane of symmetry interaction scale depends

predominantly on the fin leading edge diameter and not on the incoming turbulent

boundary layer thickness. This is illustrated in Fig. 6, where data from the

current study and others are shown. [n this data set, the incoming boundary

layer thickness varies by 46:1, yet the upstream influence lies between 2.5

and 3-D. In terms of boundary layer thicknesses, the upstream influence for

these flows varies from 1 to 11

Figure 5 shows that although D is the dominant parameter in determining

the streamwise scale of the interaction, the details of the pressure distribu-

tion depend on the ratio of D/S . In particular, the upstream pressure peak

(labelled PPKI on Fig. 5) increases with increasing D/6 , whereas upstream in-

fluence decreases. At the lower end of the D/6 range tested (i.e. < 0.15) the
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value of ~PKl is about constant, although as D/6 continues to decrease

the upstream influence lu increases. For the smaller diameter fins (i.e.,

D < .33 cm), there was some difficulty in accurately measuring the streamwise

distance of the fin leading edge from the pressure tapping, but even with

errors in X up to + 5% the trends will remain the same.

Interactions of this type, generated by blunted fins, or cylindrical

protuberances, have been studied by many investigators[lllll3O

Surface pressure distributions, heat transfer rate distributions, and surface

oil patterns have been taken to determine effects of protuberance geometry and/

or freestream and incoming boundary layer conditions on the disturbed flowfield.

The main concentration has been on the region on and close to the plane of sym-

metry. These studies were examined in some detail to see if any data existed

which would provide further information on the effects of D/6 on the inter-

action.

Values of upstream influence (1u) estimated from the above studies neces-

sarily involves inconsistencies and scatter since they have been obtained using

different techniques. Only flowfields induced by semi-infinite fins are con-

sidered here. For surface oil patterns, lu is defined as the distance from

the fin base to the upstream oil accumulation line. The current measurements,

in which both surface oil patterns and pressure distributions were taken show

that lu from the former is typically 10-20% less than that estimated from

the initial pressure rise. Least accurate are the estimates based on heat

transfer rate distributions and schlieren or shadow photographs. The problem

with the former is not so much the accuracy of the measurements but the poor

spatial resolution of the points. Using photographs to determine the inter-

section point of the plane of symmetry shock wave with the floor is also of
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questionable accuracy since the flowfield is highly unsteady and the shock

motion is of order ID.

Most of these studies were made in the Mach number range 2.S < M < 6

with incoming turbulent boundary layers in the range .13 cm (.050") < 6 <

15.24 cm (6.0"). The upstream influence, shown in Fig. 7 plotted against M ,

fell between 2 and 4D. There is controversy over whether lu depends directly

on M . Sedney [25 ], observed from oil patterns that in terms of D , lu  in-

creased with increasing Mach number. However, in Sedney's tests, increasing

M increased 6 , which for a fixed diameter cylinder decreases the ratio D/6 ,

which, as shown below, tends to increase lu . Other investigators [1 3 ], who

measured detailed centerline pressure distributions over the range 2.3 < M <

4.44, with a boundary layer about 15.24 cm (6.0") thick, observed no effect of

M on 1u . The bow shock stand-off distance A depends on M , but for M >

2 , changes in A with M are small, and additionally, A is only a small

proportion of 1u . Apart from this effect, there appears to be little exper-

imental evidence that the Mach number has a significant effect on 1u .

Close examination of the data plotted in Fig. 7 shows that although D

is the dominant parameter in determining 1u , there is a secondary influence

of 6 as shown in Fig. 8 where the data are replotted as a function of D/6

The trend of decreasing Iu with increasing D/6 for the whole data set is

particularly apparent if experiments such as Westkaempers are examined. No

studies could be found for which D/6 was greater than about 10. The sparse

existing data of Fig. 8 suggest that for D/6 > %S , lu is constant at around

2D.

It should be emphasized that the above observations on upstream influence

are based on experiments in which the incoming boundary layer was fully turbulent.
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Recent experiments by Hung and Clauss [31] at N S S with an incoming laminar

boundary layer show that in this case lu is of order 10D. Their measurements

also show that the smaller values of upstream influence, in terms of D , occur

at the larger values of D/6 . Data from this study show that when the Reynolds

number is increased and the boundary layer becomes turbulent, the upstream in-

fluence drops to between 2 and 3D.

3.2 Pressure Distributions Off the Plane of Symmetry

3.2.1 General Description

The characteristic shape of the plane of symetry pressure distribution

extends outboard several diameters. Figure 9 shows streamwise pressure dis-

tributions at Y/D = 0, 1, 2, 3, and 4 for an incoming boundary layer 1.27 cm

(0.5") thick. The fin leading edge diameter in this case is 1.27 cm (0.5").

The plane of symmetry downstream pressure maximum (marked PMAX in Fig. 6), is

not reproduced in this figure. The scaling of the pressure axis has been

chosen to give the best definition to the distributions in the range 1 < Y/D

< '

Both pressure peaks, particularly the downstream one, decay quickly,

and their locations move away from the undisturbed freestream shock wave loca-

tion (Xs = 0). This decay is plotted in detail in Fig. 10. In this case, at

a Y/D of between 4 and 5, the two peaks and the trough between them merge.

Further outboard, the pressure distribution is characterized by a single peak

which decays very gradually, having a pressure ratio of about 1.1 at 50 dia-

meters outboard. Figure 10 shows that the trough pressure level is not strongly

affected by increasing Y/D. It maintains a pressure ratio of between 1.25 and

1.4 and is located almost directly underneath the freestream shock wave loca-

tion.
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From Fig. 11, it can be seen that upstream influence in terms of D

increases with increasing Y/D . It is possible that this behavior is asso-

ciated with the ever increasing mass of fluid from the bottom of the incoming

boundary layer which is being swept outboard ahead of the shock wave. Referring

back to Fig. 9, it can be seen that 4 to 5 diameters downstream of the undis-

turbed freestream shock wave location (Xs = 0), the pressure distributions merge,

implying an extensive region with very small lateral pressure gradients. The

flowfield structure responsible for this complex behavior is unknown. Several

investigators have proposed flowfield models based on their surface

measurements, in particular surface oil patterns, but these are only speculative.

An exploratory investigation of the blunt fin-induced interaction flowfield is

planned as the next phase of this study.

3.2.2 Influence of D/6

Figure 12 shows streamwise pressure distributions measured 1D outboard

of the plane of symmetry for six different values of D/6 in the range 0.07 <

D/6 < 3.85. The streamwise scale of the interaction correlates well using the

leading edge diameter to non-dimensionalize X . There are obvious differences

in the details, but in the most general sense, D is a suitable correlation

parameter for estimating quantities such as upstream influence, interaction

length, peak pressure and trough pressure locations. In an absolute distance

scale, upstream influence varies between 0.3 cm (0.12") and 7.6 cm (3.0"), a

ratio of about 25, yet in terms of D , Iu lies between 2 and 3D.

The figure shows that the greatest effect of D/6 is its influence on

the pressure levels of both of the peaks. It does not appear to result in

any systematic influence on their location, except at the lowest values of D/6

(.35, .15, and 0.07) where the upstream peak tends to move closer to the
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freestream shock wave location. The decrease in pressure ratio of the two

peaks with decreasing D/6 is shown graphically in Fig. 13. The largest

changes in pressure ratio occur at the lower end of the D/S range. This is

similar to the behavior of the plane of symmetry upstream influence discussed

earlier and shown in Fig. 8. Above a D/6 of about 2 the curves flatten out

and above 4 the indication is that little further increase in pressure ratio

will occur.

Streauwise pressure dsitributions 2D outboard of the plane of symmetry

for the same six values of D/S5 are shown in Fig. 14. There exist some simi-

lar trends to those observed at 1D , but there are also some significant dif-

ferences. Upstream influence in terms of D , shown in Fig. 11, increases with

decreasing D/6 as is also observed both at Y/D = 1 and on the plane of sym-

metry. The pressure ratios at the two peaks also increase with increasing D/6

This is shown in Fig. 13. Both peaks increase at about the same rate and in

both cases it is fairly gradual. At the larger two values of D/6 (2.0, 3.85)

the pressure ratios differ only by about 2% so that it is doubtful if further

increases in D/6 will reult in any significant increase. Unlike the pressure

distributions at Y/D = 1 , the downstream pressure peaks for the lower two

values of D/6 have become less well-defined. It is doubtful whether in these

two cases that this double peaked character will persist much further outboard.

Figure 9 showed that for the case D/6 a 1.0 ,the double-peaked type pressure

distribution persisted outboard to about 4-SD .The tentative evidence from

Fig. 13 suggests that the outboard location at which the peaks effectively

merge may depend on the ratio of D/S
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3.3 Fin Pressure Distributions

3.3.1 General Description of Fin Leading Edge Pressure Distributions

The instrumented fin (see Fig. 4) was tested with four incoming turbu-

lent boundary layers varying in thickness from 0.13 cm (0.05") to 2.03 cm (.80").

A typical pressure distribution on the most forward section of the leading edge

4 = 00) is shown in Fig. 15. The pressure axis is the local measured wall

pressure non-dimensionalized by the pressure behind the normal shock wave (PT2).

The interaction between the fin bow shock and the plane of symmetry shock

results in the formation of a supersonic jet embedded in a subsonic region. A

schematic of the shock structure, designated Type IV by Edney [3 2] , is shown in

Fig. 16. The jet Mach number is close to 1 resulting in a small pressure loss

across the shock AB. At high Mach numbers the peak impact pressure can be

several times the freestream pitot pressure.

From inviscid analysis, the jet impact pressure depends only on the free-

stream Mach number and the impinging shock strength. Its location, however,

depends on the relative magnitudes of the pressures in regions 3 and 4, since

the jet may curl up or down. Flows where the shock structure is predominantly

in the freestream are amenable to an inviscid analysis. When the structure is

fully or partially immersed in the incoming boundary layer, a simple analysis

is precluded.

3.3.2 Effect of Incoming Boundary Layer Thickness on Fin Leading
Edge Pressure Distributions

In the example shown in Fig. 15 the boundary layer thickness was .13 cm

(.050") and the peak pressure location about 1.2 cm (.47") above the floor.

The triple point and associated shock structure were thus predominantly out-

side the boundary layer. The other three cases tested, together with this
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example are shown plotted in Fig. 17. For the thickest boundary layer (6

2.03 cm) the triple point and shock structure are entirely immersed in the

boundary layer. Since both the jet structure and the plane of symmetry shock

wave are now forming in a lower Mach number region, the peak pressure and local

pressures below this are significantly reduced. A similar behavior is observed

with the 1.28 cm thick boundary layer. In this case, most of the shock struc-

ture is immersed in the boundary layer but the jet forms just above the edge

under approximately freestream flow conditions. The peak pressure is thus

little different from that observed in the 0.13 cm and 0.33 cm cases where the

shock structure and jet form in the external flow. The two data points close

to the peak in the 1.28 cm case indicate that the peak is probably in between

them and about A~ higher - this is indicated by the dashed lines on the plot.

Whether or not an incoming turbulent boundary layer should be classified

as "thick" or "thin" depends fundamentally on its thickness relative to the fin

leading edge diameter, and not on any absolute scale. Thus the peak pressure

on the fin, which depends on whether or not the triple point is immersed in the

boundary layer, in turn is a function of D/S . The reasoning for this is as

follows: Upstream influence lu , although depending in a second order way on

D/6 , is primarily a function of D . For practical purposes, lu can, in

the majority of cases, be taken as lying between 2 and 3D. Knowing lu and

the plane of symmetry shock wave angle * (this can be estimated with reasonable

accuracy using a simple technique outlined in Section 3.3.3) the triple point

height can be estimated. * depends strongly on M and weakly on Re . Thus,

for a fixed Mach number the triple point height should scale as a function of

D , and not depend on 8 . Therefore, in the general case, the jet impingement

point, which is approximately the triple point height, will be a certain number
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of diameters above the fin base and whether or not it will be in or above the

boundary layer will depend on the value of D/6.

The simple argument outlined above, indicating that the triple point

height should scale with D is supported by the current study and the measure-

ments of other investigators. Figure 18 shows an example for flows where D16

is large (i.e., 4.5 < D/6 < 10) and the shock structure and triple point are

predominantly outside of the boundary layer. Two of the data sets are from

the Princeton study, the other two are measurements of Kaufman, et.al. (Ref. 12).

Plotted versus distance up the fin Z , as in Fig. 18, the pressure peaks do

not coincide. With the distance axis non-dimensionalized by D , as in Fig. 19,

the correlation is excellent.

E133
The second example uses the data of Price & Stallings1  who measured

leading edge (4) = 0 0) pressure distributions on two different diameter 12.9 0

sweptback fins at a Mach number of 4.44. The incoming turbulent boundary layer

was 15 cm (6.0") thick. These data, plotted in their original form as a func-

tion of Z/6 are shown in Fig. 20. Pressure levels are low since the inter-

action is immersed in the lower part of the incoming boundary layer. Figure 21

shows the same data with the Z axis scaled by D . The location of local

pressure peaks, P1 and P2 of Fig. 20, now scale in terms of D . Vertical

scaling by 6 is clearly inappropriate.

Figures 19 and 21 show that scaling the vertical distance Z by D

correlates the peak pressure locations for cases predominantly outside of and

fully immersed in the boundary layer respectively. In the Princeton study, a

single fin was tested with four different turbulent boundary layers (Fig. 17).

These four distributions cover flows in which the triple point and shock struc-

ture are partially immersed, fully immersed, or well outside the boundary layer.
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In this case, scaling by D ,(which will not alter the trends of Fig. 17

since D is the same in all cases) is not very satisfactory. The immersion

of the shock structure in a non-uniform incoming flow modifies the leading

edge pressure distribution and changes the location of peak pressure.

However, the change in the triple point height is relatively small

and to first order it still depends mainly on the fin leading edge diameter

(for a given freestream Mach number). This is of great importance from the

p'nint of view of estimating whether or not under given conditions a blunt fin,

or cylindrical protuberance is high enough to be considered "semi-infinite".

From a survey of the literature, it is apparent that there is some confusion

concerning the physical significance and importance of the fin (or protuberance)

geometric parameters h and D , and the flow parameters 6 and M . This

problem is addressed in the following section.

3.3.3 Physical Significance of Fin Height

Many experimental studies have been made of the disturbed flowfield

induced by a cylindrical protuberance or a hemi-cylindrically blunted fin.

The general consensus has been to distinguish small and large protuberances

on the basis of their height h relative to the undisturbed incoming boundary

layer thickness 6 . Several investigators have examined the effects oi. varying

h/6S and it has been noted that the "asymptotic result" occurs quickly for

h > 6 . The "asymptotic result" occurs when any further increases in protu-

berance height do not further alter the disturbed flowfield.

However, in the most general sense, the ratio h/6S is of little physical

significance in determining whether or not the asymptotic result will occur.

Use of this ratio as a correlating parameter for test data has tended to obscure

the real nature of this type of flowfield and the parameters which scale it.
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Physically, the asymptotic condition is reached when the fin height is such

that the flow structure at the root is unaffected by the flow over and around

the free-end. This implies that the height is sufficient to ensure that a

central region exists which serves to isolate the root and free-end structures

(Fig. 22). Such a situation exists when h is greater than about 2 htp, where

htp is the height of the asymptotic value of the triple point.

Despite the complexity of the flowfield, a simple technique exists for

calculating the approximate asymptotic height of the triple point. This approach

was pointed out by Westkaemper [22] in 1969 and is briefly outlined below. From

Fig. 22 it can be seen that from geometrical considerations,

htp (lu=A) tan * (1)

An estimate for 4 can be obtained using an expression developed by

Truitt [355 for the pressure rise AP occuring in the interaction between a

lanbda footed bowshock wave and a turbulent boundary layer on a flat plate.

AP K (2)
q (M.Rex)0 .2

where q , M , Rex , are the freestream dynamic pressure, Mach number, and

local Reynolds number. K , an empirical constant, was found by Truitt to be

about 5.6. Knowing M and P , oblique shock tables can be used to obtain

S. This technique was tested on eight different experiments in which schlieren

photographs had been taken and it was found that * could be predicted to

within + 2 . Some uncertainty exists since a micro-second spark photograph

shows only one 'frame' of a shock structure which is known to be unsteady. In
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calculating htp from Eqt. 1, lu can be obtained from Fig. 8, or may be

taken, with little risk of significant error, as 2.5D. In this sense, the

boundary layer thickness only enters the calculation through its 2nd order

effect on the upstream influence lu

Use of this simple approach explains several of the anomolies existing

in the literature. For example, the asymptotic result was observed by Waltrup
[24 ]

Pric andStalings[13]at an h/6 of about 7, whereas Price and Stallings [  , who tested five fins

in the range 0.167 < h/6 < 1.667 , found that it had already occurred at the

6
lowest value of h/6 . Waltrup's conditions (M = 2.2, Re = 2.4 x 10 6 = .43 cm,

D = 1.52 cm) input to equations 1 and 2 gives htp = 1.9 cm, or 4.46 , suggesting

that the asymptotic result would occur at about twice this height (i.e. say be-

tween 7-96). As noted above, this was the case. For Price and Stalling's flow

conditions (M = 3.71, 6 = 15.24 cm, D = 5.08 cm) the equations give hp = 1.17 cm,

or 0.086 , so it is not surprising that even at the very low value of h/6 =

0.167 the asymptotic result occurs.

3.4 Fin Body Pressure Distributions

Pressure distributions at f 450 and = 900 for all four boundary

layers are shown in Figs. 23 and 24 respectively. At = 450, the distribu-

tions retain the character of the * = 00 data, but with all pressures reduced
by about 30-40%. At this value of * , the peak retains the same Z location

as at 00. At 900, the flow has expanded such that all pressures are close to

the undisturbed freestream static level. In this case, the peaks associated

with the jet have entirely disappeared. This is illustrated in Fig. 25, where

the = 00, 450 and 900 are plotted together, for one of the turbulent boundary

layers.
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A feature of the * = 900 data of Fig. 24 is that the pressure minimum
(marked Pmin on the figure) is at approximately the same Z location in all

four cases. This highlights a trend which starts to occur at # a 900 and

continues to become more apparent with increasing distance along the fin body.

The trend is that the characteristic features of the pressure distributions,

such as local pressure minima and maxima, occur at approximately the same ver-

tical location, independent of the thickness of the incoming boundary layer.

In addition, the pressure distributions become progressively closer in terms

of absolute pressure levels with increasing distance downstream. This develop-

ment is shown in Figs. 26, 27 and 28 where pressure distributions measured 3.18 cm

5.27 cm and 8.25 cm downstream of the leading edge,respectively, are plotted.

The strong similarities near the fin-floor junction (0 < Z < 2 cm), a region

whose height is between 1 and 126, indicates a common flowfield structure which

does not depend on the incoming boundary layer characteristics.

3.5 Effects of Leading Edge Geometry on the Plane of Symmetry
Pressure Distributions

In the early part of this study, there was some question of whether

any particular region of the fin leading edge was most important in determining

the flowfield structure and characteristics. The interaction's sensitivity to

a change in geometry of part of the fin leading edge was unknown. To examine

this, a series of tests was carried out using a fin having a flat faced leading

edge which was progressively hemi-cylindrically blunted from the root upwards.

The fin thickness was .79 cm (0.31"). The vertical extents of the blunting

were .2 cm (0.08"), .41 cm (.16"), 2.03 cm (.80") and 4.06 cm (1.6"). A fully

hemi-cylindrically blunted fin of the same diameter had been tested in a pre-

vious study. In each case, pressure distributions were measured on the plane
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of symmetry ahead of the model. Thiese are shown in figure 29.

Maintaining the same fin thickness but changing the leading edge from

a hemi-cylinder to a flat surface effectively doubles the upstream influence.

It does not result in any significant changes in the overall characteristics

of the pressure distribution. Within experimental accuracy the upstream pres-

sure peak (marked Pl in Fig. 29) does not change over the range of leading

edges. This is in basic agreement with the simple formulation of Truitt's

(Equation 2) for the pressure rise resulting from the interaction of a lambda

footed bow shock with a turbulent boundary layer. It implies that as the up-

stream influence increases the mean plane of symmetry shock wave angle remains

constant, thus forcing the triple point location higher up the fin leading edge.

This means that the protuberance height at which the asymptotic flowfield will

be generated is a function of the leading edge geometry. These results show

that for a given set of incoming flow conditions the height for the flat faced

configuration will be twice that needed for a cylinder.

The measurements show that small changes in the geometry of the leading

edge can be important. Hemi-cylindrically blunting the fin over a height of

0.2 cm (0.38"1) has a fairly significant effect on the upstream part of the

pressure distribution. Upstream influence is reduced by about 7%. A surprising

result is that there is a measurable effect on the upstream part of the pres-

sure distribution but almost none on the downstream portion. It is not until

a More substantial height is rounded that a significant decrease in upstream

influence occurs and that the pressures closer to the fin decrease. For a

rounded height of 2.03 cm the estimated triple point height is 1.34 cm. The

bow shock structure occurring ahead of the flat face above this still exerts

a very powerful influence on the interaction length scale. Even when the

mff-
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rounded height is 4.06 cm, which is approximately four times the triple point

height, there is a measurable difference between it and the fully cylindrical

case.

II
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4. UNSTEADY PRESSURE MEASUREMENTS

4.1 General Discussion of Program

During the last year, techniques have been developed for measuring high

frequency surface pressure fluctuations. To date, some exploratory measure-

ments have been made in an undisturbed turbulent boundary layer and on the

plane of symmetry ahead of two different blunt fins. Results of these experi-

ments are described in the following two sections.

Currently, little is known about the unsteady behavior of this type of

3-D flowfield. Its cause, its characteristics, in addition to simpler para-

meters such as its lateral, longitudinal and vertical extent and their depen-

dence on geometry, flow conditions, etc., are all unknowns. Some investigators,

notably Robertson [1 , have examined elements of the above and obtained in-

teresting results. These experiments, spanning the transonic regime, were

carried out using cylindrical protuberances of various diameters and heights.

None of them were high enough to be considered "semi-infinite", which tends to

make interpretation of the results more difficult. Robertson speculated that

on the plane of symmetry the upstream unsteadiness was caused by an oscillating

shock wave driven by the natural turbulent boundary layer fluctuations. Down-

stream of this, in the region referred to as separated flow, he proposed that

the fluctuations were caused by the inherent unsteadiness of a multiple horse-

shoe vortex type system.

Qualitatively, according to Robertson, this behavior is similar to that

observed in 2-D wedge induced interactions. However, the pressure fluctuations

in the so called "separated flow" near the fin root are an order of magnitude

higher than those measured in 2-D. If the unsteadiness is driven by the natural

fluctuations in the incoming turbulent boundary layer, as proposed by Robertson,

.. .
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an experiment using a laminar layer would verify this. As far as is known,

no such experiments have been carried out.

A literature survey of fluctuating pressure measurements indicates that

a significant amount of work has been carried out using undisturbed turbulent

boundary layers. Power spectra for attached turbulent boundary layers scale

on a Strouhal number basis (i.e. the frequency is normalized by multiplying

by a typical length and dividing by a typical velocity). For attached turbulent

boundary layers, the normalizing parameters which have been used successfully

by various investigators are the freestream velocity U., and the boundary layer

thickness 6 (or displacement thickness 6 ).This poses the question of which

parameters will properly scale the frequencies in the region ahead of and close

to the fin. Measurements made earlier at the laboratory show conclusively that

the appropriate scaling parameter for mean surface property distributions in

this region is the fin leading edge diameter D and not boundary layer thick-

ness. Whether D or 6 will satisfactorily scale the spectra may indicate

whether or not the fluctuations are basically due to pressure gradient ampli-

fied turbulence and thus depend on the character of the incoming layer or

whether it is a different phenomenon driven by geometric considerations.

4.2 Measurements in the Undisturbed Boundary Layer

A set of measurements was carried out to determine the surface pressure

fluctuations in the upstream undisturbed boundary layer. In the literature,

most of the experimental effort has been devoted to incompressible flowfields

but there does exist a body of work in compressible flow which can be used

for comparison purposes. Figure 30(a), taken from laganel Ii, *t.al. E34, shows

measured values of P/qe as a function of Mach number Me over the range

0 < M < 12 , pis the root mean square pressure fluctuation and q.is the

dynamic pressure at the boundary layer edge).
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Measurements in the present study could only be made at a Mach number

of 3 since the tunnel nozzle geometry is fixed. The one point plotted on

the figure agrees well with the other data. An alternative way of presenting

the experimental data which better represents the magnitude of the pressure

fluctuations, is to non-dimensionalize p by P , the local mean static pres-

sure at the wall. In this form, shown also in Fig. 30(b) (and also taken

from LaganelliI343), the increase in the magnitude of the pressure fluctuations

with increasing Mach number is clearly shown. The data point from the present

tests agrees well with the adiabatic wall theory of Laganelli, et.al. This was

also the wall temperature condition~ during the test.

During these tests with the undisturbed boundary layer, a problem arose,

which as yet has not been entirely satisfactorily explained. It was noticed

when the transducer, which is flush mounted in a circular wall plug, was rotated

about its axis. Such a rotation should not produce any change in the measure-

ments. In this case, the mean pressure value, as well as the rins level of the

fluctuations, changed depending on the rotational position. In this high

Reynolds number boundary layer, velocities of the fluid close to the wall are

very high and the sonic height is only a few thousandths of an inch off the

wall. It is possible, that very slight disturbances at the wall, caused by

the transducer surface not being perfectly flush, or not being sufficiently

smooth, can result in significant changes in the measured fluctuations. This

behavior occurred with the two transducers whose diaphragms were protected

using a thin RTV-Sll rubber film. It did not occur using the third transducer,

whose diaphragm is protected using a perforated shield. Under a magnifying

glass, pitting of the rubber film could be seen whereas the shield had almost

no significant surface irregularities. Currently the rubber film covered
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sensors are being re-coated, with great care being taken to ensure a good

surface finish.

4.3 Measurements in the Blunt Fin-Induced Interaction

A preliminary set of measurements has been made of the pressure fluctu-

ations on the plane of symmetry ahead of two different blunted fin models.

The leading edge diameters were 1.27 cm (0.5"1) and 2.54 cm (1.0"1). In both

cases the fin model was located at the same streamwise location in the Model 1

configuration. The incoming boundary layer was 1.27 cm thick.

Figure 31 shows the variance of the pressure fluctuations ahead of the

two fins. For clarity the individual data points have been joined by straight

lines. There is clearly a need for more data points in the region -3 < X/D <

-2 , since it is unlikely that the peak and its location are adequately defined.

Two data points, one for each fin, have not been plotted on Fig. 31, since the

pressure scale was chosen to give the best definition to the bulk of the data.

Both points were at X/D = -0.25 , which is just ahead of the fin root. The

measured variance was 10 for the 1.27 cm (0.5"1) diameter fin and about 12 for

the 2.54 cm (1.0"1) diameter fin. These figures are only approximate since the

pressure levels tended to saturate the sensor. It is possible that the true

variances are higher. At this location, the variances are about four orders of

magnitude higher than the undisturbed boundary layer. However, the root mean

square of the pressure fluctuations normalized by the local mean pressure,

which gives a better idea of the magnification of the fluctuations, is about

20 times that in the undisturbed boundary layer.

The shape of these curves is similar to that observed by Robertson. The

upstream peak in the variance, occurring around X/D - -2.5 ,is just downstream

of the initial rise in the mean pressure distribution. This local peak, caused
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by random motion of the plane of symmetry shock wave(s), should define

approximately the mean shock wave location. Both fins have the same value

of the variance at X/D a -2.5. Based solely on the one data point, this

implies a similar strength shock wave in both cases. This same local peak

is al~ observed ahead of the separated flow region in 2-D wedge and forward

facing step generated interactions.

Downstream of this region of shock wave motion, the fluctuation level

progressively rises over a streamwise distance of about one diameter. In this

region, -2 < X/D < -1, the moan pressure distributions are rather flat and

consequently the streamwise (and transverse) pressure gradients are small, such

that large excursions of the mean structure would not result in significant

pressure changes. In both cases, a second peak also occurs at art X/D of -1

which in the mean pressure distribution corresponds to a location just ahead

of the pressure trough. At the trough, which approximately spans the region

-1 < X/D < 0.5 , the mean pressure changes are again small, yet the variance

increases steeply in the downstream direction. There is presently no satis-

factory explanation for this phenomenon. It appears that close to the fin

leading edge (i.e., X/D P. -1) the fluctuation levels depend on leading edge

diameter.

Power spectra calculated at different locations on the plane of symmetry

did not indicate any concentrations of energy around any specific frequency

ranges, but displayed a broad band nature like that of the undisturbed boun-

dary layer. In particular, the motion of the plane of symmetry shock wave

appears to be effectively random, and Robertson's speculation that it is driven

by the natural turbulent boundary layer fluctuations may be correct. A surface

pressure/time history plot, consisting of 6144 data points, is shown in Fig. 32.
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At this location, 2.9D ahead of the fin leading edge, the pressure trace closely

resembles that of the undisturbed boundary layer with a series of "spikes"

superimposed on top. These pressure spikes do not feed forward very frequently

(i.e., in the figure shown the rate is about 80 per second) but, when they do,

their duration is short, typically being a few micro-seconds.

The unsteady measurements reported on very briefly in this section are

the beginnings of a major study of the causes and characteristics of the pres-

sure fluctuations in the unsteady flowfield ahead of, and around, the fin root.

In an upcoming study, the lateral, longitudinal and vertical extents of the

unsteady region and its dependence on fin leading edge diameter and incoming

turbulent boundary layer properties will be studied.
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S. REMARKS ON THE EXPERIMENTAL OBSERVATIONS

The experimental investigation reported on here is part of a series

of studies of 3-D shock wave turbulent boundary layer interactions which has

been carried out over the last few years at the Gas Dynamics Laboratory of

Princeton University. Interactions generated by fin models with different

leading edge geometries have been studied. Measurements made have ranged from

detailed surface pressure distributions for all geometries to full flowfield

surveys in the case of the sharp leading edged fin. The emphasis in the study

in this report is in two main areas. First, the influence of incoming turbu-

lent boundary layer thickness, 6 , on the streamwise, spanwise and vertical

scaling of the interaction was examined. Second, and this is a critical area

in which work has only recently begun, is an investigation of the causes and

characteristics of the highly unsteady shock wave boundary layer structure in

the blunt fin-induced interaction.

This series of studies, covering a wide range of test geometries and

turbulent boundary layers, has generated an extremely detailed surface property

data set. This has provided much needed basic information on the significance

of different geometric and flow parameters on the interactions' scale and

characteristics. These data have been instrumental in showing many of the

important differences between 2-D and 3-D interactions. For example, shock

wave strength and turbulent boundary layer thickness are both controlling

parameters of the streamwise scale of 2-D interactions yet have little effect

on the streamwise scale of the 3-D case. However, although a number of Para-

mneters have been identified and their effects documented, there still remain

many fundamental questions.
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Many of these have arisen from studies of the blunt fin-induced inter-

action. A key item missing is a clear picture of the physical structure of the

interaction. Inferring a flowfield model from mean surface property distri-

butions, in particular from surface oil patterns, as has been done by earlier

investigators, can lead to misleading conclusions. This was demonstrated by

Oskam, et.al., in the early study of the interaction flowfield generated by

a sharp leading edged fin. In the blunt fin case, determining the flowfield

is further complicated by the highly unsteady behavior of the shock wave -

boundary layer structure. In addition, and most importantly, this unsteadiness

casts doubt on the real physical significance of any mean, or averaged flow-

field structure which may be devised.

The blunt fin-induced interaction st ucture, which is intimately related

to the unsteadiness of the flowfield, will be the main topic addressed in an

experimental program planned for the near future. An investigation of the

causes and characteristics of the unsteadiness will be made. Its lateral,

longitudinal and vertical extents and their dependence on the fin leading edge

geometry and turbulent boundary layer properties are all unknowns and will be

experimentally determined. In addition, instrumentation and techniques will

be developed suitable for exploratory investigation of different regions of

the flowfield.

L . . .-
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TABLE 1

Symbol Reference Technique for Estimating lu

LI Lucas [Ref. 18] Pressure Distribution

0 Uselton [Ref. 19] Pressure Distribution

Kaufmann, Korkegi Pressure Distribution
& Morton [Ref. 12]

Winkelmann [Ref. 14] Pressure Distribution

Burbank and Strass [Ref. 20] Heat Transfer Distribution

Price and Stallings [Ref.13] Pressure Distribution

Burbank, Newlander and Heat Transfer Distribution
U Collins [Ref. 21]

Westkaemper [Ref. 22] Surface Oil Pattern
Dolling, Cosad and
Dong osd and. 9]Pressure Distribution

Bogdonoff [Ref. 9]

VMiller [Ref. 23] Schlieren Photograph

0 Waltrup [Ref. 24] Schlieren Photograph

Sedney and Kitchen [Ref. 26] Surface Oil Pattern
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